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SUMMARY AND IMPLICATIONS
9.I Two stages in colloid growth
The measurements of the melting transition of the sodium colloids presented in chapter 6 can
be considered as the central part of this thesis. They provide us not only with information
about the amount of sodium and chlorine formed in the crystal, but also with detailed
information about differences between high and low dose irradiated crystals, between
different irradiation temperatures and between the situation before and after performing other
experimental methods. We have analysed many NaCl crystals irradiated with doses between
5 and 150 Grad with this method, in order to obtain insight in the development of the
formation of sodium colloids. The differences in the behaviour of Li doped crystals and K
doped crystal is striking: while the amount of damage (precipitated sodium and chlorine) in
Li doped crystals saturates at about l%, in K doped crystals the formation of radiation
damage does not stop. When the crystal reaches the damage level of about 1% in K doped
crystals, another type of sodium colloids is formed, appearing as a new peak in the melting
traject with entirely different properties (ch.6).
Based on these measurements we can divide the formation of radiation damage into two
major stages (see figure 9.1). The first stage is defined by the dose range in which only the
melting peaks at 80 and 92 'C (peaks I and2) are observed. These peaks are observed for
all types of crystals and seem to be characteristic for the damage formation at low doses.
During this stage the damage level reaches a maximum value of about l%. The second stage
is defined by the dose range in which a third melting peak, representing a new type of
colloidal sodium, is observed. Once this type of colloidal sodium is formed, the production
of radiation damage is very efficient and can reach a level higher that 10 %. No saturation
with damage during this stage has been observed. The differences in the melting pattern show
that we are dealing with essentially different colloid structures, which have to be the result
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Figure 9.1 The division of the formation of damage into two stages, one in which only
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9.2 The characterization of the colloids
The interpretation of the melting peaks is extremely difficult. Elementary theory based on
the thermodynamics of small particles (ch.3), reveals that many interactions play a role in
the melting process. Size, shape and (interface) structure affect the melting temperature
strongly."Based on this theory we can conclude that the colloids must be relatively small
(< 100 A), otherwise the melting temperature would not deviate so strongly from the bulk
melting temperature.
The first stage, from a few Grad up to 30 Grad, in which at first melting peak 1 develops
and later on melting peak2, links up with the early time regime (up to a few Grad), which
can be monitored by means of Optical Absorption Spectroscopy (ch.5). It is not unlikely that
the optical absorption measurements and the melting measurements refer to the same colloids,
in such a way that the optical colloid bands represent a colloid type which is the predecessor
of the colloid type, which melts at 80 "C (i.e. peak 1, the first melting peak, which is
observable by means of a melting experiment). The coupling between these experiments
implies that the explanations for the characteristic features of the colloids as given by the
optical absorption and the melting measurements have to match. For instance, the observation
of two optical colloid bands indicates that already in the early time regime we are dealing
with different types of colloids or complicated colloid shapes. This may help us in the
interpretation of the melting peaks observed at low doses. Unfortunately, a direct comparison
between both methods is difficult, since the detection limits hardly overlap.
The melting experiments and the annealing experiments have revealed some important
features of the observed melting peaks. With increasing dose peak 2 grows strongly while
peak 1 decreases lowly after 5 Grad. Subsequent melting and solidification show important
differences between peaks 1 and 2. While peak 1 is unaffected, peak 2 smears out over lower
temperatures during solidification, as compared to the melting pattern. The ratio of the peak
areas P2lP1 is approximately proportional to the dose and does not depend on the irradiation
temperature. Annealing at high temperatures shows that peaks 1 and 2 decrease simul-
taneously. These observations indicate that both peaks can be attributed to the same colloid.
Possibly, peak I can be associated with surface melting and peak 2 with the melting of the
inner part of the colloid. However, in this case the slowly decreasing area of peak 1 implies
that the surface part of the colloid decreases lowly with increasing doses, while the inner
part of the colloid increases trongly.
The second stage, in which peak 3 develops, does not show any saturation of the crystal
with damage. The formation of radiation damage during this stage depends strongly on the
type of impurity. For Li as a dopant this stage does not occur at all, while for KBF. the
damage production efficiency is very high. The production efficiency is also related to the
concentration: for crystals doped with 0.1 mol% K the efficiency is about 1.5 times higher
than for crystals doped with 0.01 mol% K. The observations point into the direction of a
dense colloid structure. The melting temperature is relatively high and the features of the
melting peak do not differ from the solidification peak, which indicates that the peak must
be attributed to very small (parts of the) colloid(s). This assumption is also supported by the
fact that the peak temperature is highly sensitive to arnealing. Thermally activated
rearrangements of atoms at the interface already affect the melting temperature strongly
(ch.7) .
The cross linking with other experimental methods leaves us with many questions. The
Raman spectrum shows anomalous peaks at high frequencies and a continuous background
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SUMMARY AND IMPLICATIONS
at low frequencies (ch.S), which are clearly connected to the observation of the melting
peaks. However, the change of the melting pattern with increasing doses is not observable
in the Raman spectra. Also the electron spin resonance (ESR) experiments performed at room
temperature do not show a direct relation to the melting pattern (ch.8). The integrated
intensity (the number of spins participating in the resonance) is proportional to the amount
of damage, while the line width decreases gradually with an increasing damage level.
However, the temperature dependence of the ESR-signal does show an anomalous
decrease of the line width (with increasing measurement temperatures from 4 K up to room
temperature) for crystals, which show a melting peak 3. For crystals showing only melting
peaks 1 and 2 the line width increases with increasing temperature. This important
observation can offer us some clues about the origin of melting peak 3. The decrease of the
line width is connected to the dense colloid structure, in such a way that the tunneling
probability of electrons between different parts of the structure increases with increasing
temperature. However, the interpretation of the ESR behaviour for highly distorted systems
is complicated.
The formation of radiation damage in the low dose regime (from 0 up to about 15 Grad) is
modelled by means of a kinetic model (ch.2), which describes the nucleation and aggregation
of F-centres into colloids. With the model it is possible to explain a multitude of
experimental observations qualitatively, in particular during the first stage. The growth of
the optical bands, the F-, M- and colloid band are reasonably well described by the model.
Also the maximum damage production at about 100 "C, the effect of impurities and the
saturation level of I% are described. However, there are several observations which are not
accounted for in the model. Moreover, since at some point the second stage begins, in which
the colloid is formed by a new, entirely different precipitation mechanism, we cannot expect
the model to be valid at high doses.
One of the most important reactions in the model is the evaporation of F-centres from the
colloid. The increased evaporation at temperatures higher than 120 'C is the reason for a
strongly decreasing efficiency for the production of radiation damage. Very little is known
about this reaction, which depends strongly on the shape and size of the colloid. In order to
improve our knowledge about the evaporation of F-centres from the colloids we have
performed many annealing experiments in which the backreaction of sodium and chlorine into
NaCl is studied (ch.7). It appears that the isothermal annealing can be described as a first
order backreaction, whereas the stored energy experiments point into the direction of a
backreaction of fractional order. This contradicting information makes the interpretation in
terms of a kinetic scheme very complicated, and leaves us with questions about the nature
of the chlorine precipitates in the crystal. The rate of the backreaction depends strongly on
the impurity contents of the crystal, and this observation seems to be consistent with the
prediction of the kinetic model that more colloids are formed if the dopant concentration is
lower (ch.2).
In order to improve our understanding of the experimental observations, we have started
to develop a model, based on Metropolis Monte Carlo sampling, to reveal the basic effects
of the radiation on the colloid morphology (ch.3). The results show that the high
recombination and distortion of the interface caÍmot be neglected a priori, as a result of the
slow rearrangement at the interface of the colloid. Instead of aggregating into one compact
colloid, the colloidal sodium spreads into small subclusters over a small region in the matrix.
The interface of the colloids remains rough, as a result of the continuous distortion by
displacements of interfacial atoms. These effects could seriously affect the response to
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experimental methods. In particular, a rough interface will have a large effect on the melting
temDerature of the colloid (ch.3).
9.3 Two fields of main concern
The second stage, in which the third type of colloid (melting peak 3) is formed, is essential
for the risk assessment. The crystal reaches high damage percentages only if this type of
colloid can be formed. Therefore, the appearance of two stages in the formation of radiation
damage leads in a natural way to two fields of main concern in connection with the storage
of nuclear waste. These are:
1 ) Will, at the low dose rates (10 krad/h) under storage conditions, the situation be
reached in which the crystal properties have changed in such a way, that the
production process changes and enters the non-saturating second stage? We have
observed a cross-over to the second stage at a damage level of about 1 %; will this
level be the same at the low dose rates, and, if so, will this level be reached? Is it
possible to improve our models in order to be able to make a prediction'?
If this situation is reached, will the non-saturating production process during the
second stage be efficient at the low dose rates under storage conditions? What is the
nature of the damage production during this stage? Can we expect that the high and
dangerous damage levels of l0% are reached and what are the risks, if this happens?
ad l: The first field of concern emphasizes the need for good models, which make it
possible to extrapolate the experimental results to low dose rates. If the extrapolation
demonstrates that the | % level will be reached at low dose rates, such that the non-
saturating formation of radiation damage can set in, then this might mean a considerable risk
factor.
The main tool to describe the formation of damage as a function of time and irradiation
temperature is the kinetic model (ch.2). With the model it might be possible to extrapolate
the experimental results to storage conditions, i.e. to much lower dose rates, and make some
predictions about the formation of damage after several hundreds of years. The agreement
between the model and the experimental results is reasonable, in particular at doses below
about 15 Grad. However, the validation of the model is limited to a few measurements.
Systematic evaluations with low dose and high dose data under the same irradiation
conditions are not available. In order to give the model any value for long time extrapolations
a list of criteria has to be developed, which have to be fulfilled by the model.
In order to illustrate the insufficient reliability of the present models for the extrapolation
to low dose rates, we have collected a series of results from different variants of the kinetic
model. It is clear that the extrapolation can result in a strong increase as well as in a strong
decrease of the efficiency of damage production. In all cases the maximum efficiency shifts
to lower temperatures (figure 9.2).
Apart from this, one should note that the significance of this type of models is limited to
low damage levels. The deriviations of the reaction kernels are based on general appro-
ximations for diluted systems and can only be expected to be valid for colloid fractions
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Figure 9.2 Extrapolation of the damage production to low dose rates. (a) The model presented in
chapteÍ 2, with its original parameters and a dose of 10 Grad, (b) idem, with an initial number of
dislocations Cr = 1015 cm-3 and molecular chlorine co = 106. (c) and (d) Other variants of the model,
based on a backreaction teÍm .ycct2DFcF. (c) G. van opbroek and H.w. den Hartog, J. phys. c: Solid
state Phys. 18 (1985), 257; A-E: dose rare varying from 10 krad/h to 100 Mrad/h, 100 Grad. (d) w.J.
Soppe, J. Phys.: Condens. Mater 5 (1993), 3519; 100 Grad.
up to at most 1 %#. Since we have observed damage fractions exeeding this value with one
order of magnitude (10%), the application of these type of models for the prediction of any
risks involved in the radiation damage is doubtful.
The question if the 1 % level will be reached can only be answered if the model is able
to account for the saturation with damage, which is not the case for all present models. In
the model presented in chapter 2 such a saturation effect is described. However, since we are
reaching the limits of this type of models, we have to be careful by using the model for the
extrapolation to low dose rates.
" For instance, the rate constant 4rr"Drc, for the flux of F-centres towards a colloid with radius r" is based
on the assumption of a sink free region around the colloid of radius R > r". If we take R = 5r" as the limiting
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